The daily ingestion of shed OS tips from photoreceptors by the RPE is critical for photoreceptor health and function. As the RPE is a mostly postmitotic tissue, the phagocytic burden for each cell over a lifetime is immense. Incomplete degradation of OS material contributes, in part, to the development of autofluorescent intracellular inclusions termed lipofuscin.[@i1552-5783-60-10-3468-b01] Lipofuscin accumulates over a lifetime, occupying major portions of the RPE cell in elderly individuals.[@i1552-5783-60-10-3468-b02][@i1552-5783-60-10-3468-b03]--[@i1552-5783-60-10-3468-b04] It contains numerous components, including a complex mixture of bisretinoids derived from covalent linkage of monoretinoids used in the visual cycle, oxidized lipid products, and cross-linked protein.[@i1552-5783-60-10-3468-b05] Whether this accumulated waste is toxic to the RPE, and in what diseases, is heavily debated.[@i1552-5783-60-10-3468-b06],[@i1552-5783-60-10-3468-b07] In support of lipofuscin toxicity, animal models lacking the ABCA4 gene, mimicking the defect seen in Stargardt disease, accumulate lipofuscin at an accelerated rate and demonstrate retinal degeneration.[@i1552-5783-60-10-3468-b08] Numerous components of lipofuscin, in particular the bisretinoid N-retinylidene-N-retinylethanolamine (A2E), have been shown in cell culture and animal models to dysregulate complement activity, induce photo-oxidative damage, and disrupt lysosomal integrity.[@i1552-5783-60-10-3468-b09],[@i1552-5783-60-10-3468-b10] On the other hand, lipofuscin-related fundus autofluorescence from patients with early- or intermediate-stage AMD is no higher than age-matched controls.[@i1552-5783-60-10-3468-b06] Further, the concentration of A2E or its oxidized components is no higher in RPE underlying the macula compared to the retinal periphery, despite AMD being a macular disease.[@i1552-5783-60-10-3468-b11] Additionally, there is minimal evidence supporting a link between lipofuscin and the pathologic hallmark of AMD, extracellular accumulation of lipid-rich deposits above (termed reticular pseudodrusen) and below (termed drusen) the RPE; while lipofuscin accumulates in the RPE of all persons as they age, only a subset develop pathologic drusen or reticular pseudodrusen. While levels of lipofuscin may not correlate with drusen formation or retinal toxicity, the lipofuscin granules in patients with AMD have been reported to be larger and more irregular than granules simply associated with age.[@i1552-5783-60-10-3468-b03] The significance of this difference is unknown.

Distinguishing whether lipofuscin is toxic in AMD patients in the clinic is difficult. As RPE cells die, lipofuscin is lost and fundus autofluorescence decreases. Thus, any degree of cell death decreases the strength of any putative relationship between lipofuscin and toxicity. Prior to RPE cell death, the marked accumulation of lipofuscin in normal, healthy, aged RPE creates a strong "background" above which any disease-specific signal is difficult to measure. To understand the relationship between lipofuscin and RPE toxicity in a more controlled setting, a number of groups have attempted to model lipofuscin accumulation in cell culture. Many groups have fed a single bis-retinoid, A2E, to the RPE cultures.[@i1552-5783-60-10-3468-b12][@i1552-5783-60-10-3468-b13]--[@i1552-5783-60-10-3468-b14] However, controversy exists over which, if any, specific bisretinoids are toxic.[@i1552-5783-60-10-3468-b01],[@i1552-5783-60-10-3468-b15] Furthermore, it may not be possible to recapitulate an accurate model of lipofuscinogenesis by feeding RPE with just one type of bisretinoid. An alternate approach is to induce lipofuscinogenesis by OS feedings of cultures.[@i1552-5783-60-10-3468-b01],[@i1552-5783-60-10-3468-b16] However, this has not been done in primary (passage 1) human fetal RPE (hfRPE) cultures, among the most extensively validated systems for in vitro studies of human RPE.[@i1552-5783-60-10-3468-b17] Here, we develop a model for accumulation of lipofuscin-like material, which we term undigested autofluorescent material (UAM), in hfRPE cultures through repeated OS feedings.

We discovered that UAM granules are dynamic, compacting and shifting their spectrum over time, suggesting that newly formed and older granules may have different biologic effects. Newer granules resembled those seen in RPE from patients with AMD; older granules more closely resembled lipofuscin from healthy, aged patients. While hfRPE cultures were remarkably resistant to UAM accumulation, cultures with heavy UAM burden had mild defects in tight-junction integrity, ketogenesis, RPE differentiation, and phagocytic capacity. The cultures also demonstrated increased senescence and rare, focal pockets of transition from an epithelial to mesenchymal phenotype. Nevertheless, UAM-laden hfRPE cultures exhibited no alteration in oxygen consumption rate, a marker of mitochondrial health, secretion of drusen components, cell polarity, expression of certain other RPE differentiation markers, or rates of cell death. The resistance of hfRPE to UAM accumulation, combined with only modest effects of UAM on hfRPE function, suggest that highly-differentiated and healthy RPE are adaptable to lipofuscin accumulation.

Methods {#s2}
=======

ARPE-19, Primary hfRPE, and Primary ahRPE Culture {#s2a}
-------------------------------------------------

ARPE-19 cells were obtained from the Hjelmeland laboratory[@i1552-5783-60-10-3468-b18] at passage 18 and split from confluency at a ratio of 1:3 onto porous cell culture inserts (Corning 24-well Transwells, \#7200154; Thermo Fisher Scientific, Waltham, MA, USA), incubated in "RPE media" (see hfRPE cultures below) for at least 12 weeks prior to use in experiments. hfRPE was cultured as we described.[@i1552-5783-60-10-3468-b19] Step-by-step directions for our hfRPE culture are available at <https://medicine.umich.edu/sites/default/files/content/downloads/Human_RPE_Culture_Protocol.pdf>. Passage 1 hfRPE cells were in culture on Transwells for at least 2 months prior to experimentation. ahRPE primary cultures were established from human adult retinal pigment epithelial stem cells derived from cadaver eyes from healthy donors, grown as passage 1 on 24-well Transwells according to methods previously published,[@i1552-5783-60-10-3468-b20],[@i1552-5783-60-10-3468-b21] and, once established on Transwells for at least 4 weeks, switched to the same RPE media used for hfRPE cultures ("RPE media"). ahRPE were in culture for at least 3 to 4 months after Transwell plating prior to being used for experiments.

UAM Buildup {#s2b}
-----------

Bovine outer segments were isolated as described.[@i1552-5783-60-10-3468-b19] Step-by-step directions for our isolation protocol are available at <https://medicine.umich.edu/sites/default/files/content/downloads/Photoreceptor_Outer_Segment_Isolation.pdf>. To photo-oxidize OS, 500 μl of 1 × 10^8^ OS/mL was pipetted onto Teflon-masked microscope slides (three rectangles per slide, measuring 17 × 9 mm; Tekdon, Myakka, FL, USA), and illuminated at 254 nm at an estimated radiant exposure of 3J/cm^2^ for 40 minutes. oxOS were then pelleted and resuspended in hfRPE medium at 5.6 × 10^7^ OS/mL. In certain cases, purified MFG-E8 (\#10853-H08B; Sino Biological, Wayne, PA, USA) at 4.2 μg/mL and protein S (\#HPS; Enzyme Research Laboratories, South Bend, IN, USA) at 11.2 μg/mL were added to the oxOS suspension. Aliquots were flash frozen in liquid nitrogen and stored until use at −80°C.

To induce UAM, 25 μl oxOS aliquots were added to 45 μl of fresh RPE media for each 24-well Transwell. Total apical Transwell volume was 70 μL, and final concentration was 2 × 10^7^ oxOS/mL, 1.5 μL MFG-E8/mL, and 4 μL Protein S/mL. Control wells were either fed regular OS (RegOS) under identical conditions or were fed 25 μl of flash-frozen media combined with 45 μL of fresh RPE media (media). oxOS, RegOS, or media feedings occurred 5 times per week for a total of 4 weeks unless otherwise specified.

Measuring UAM {#s2c}
-------------

Autofluorescence from UAM-laden RPE cultures was measured using a confocal microscope (Leica SP5; Leica Microsystems, Buffalo Grove, IL, USA). At the conclusion of oxOS feedings, oxOS were washed 3 times with PBS without calcium or magnesium and subsequently left in RPE media for at least 1 week prior to experimentation. This additional "chase" period resulted in a dramatic reduction in surface-bound autofluorescent OS, which otherwise confounds determination of UAM autofluorescence. For quantification of UAM, we stained cultures with anti-rhodopsin antibody (\#MCA-B630; Encor Biotech, Gainesville, FL, USA) without permeabilization, leading to specific labeling of any remaining autofluorescent surface-bound OS. We then applied the anti-rhodopsin fluorescence channel as a subtractive mask on the autofluorescence channel to quantify autofluorescence specifically from UAM. Quantification was carried out using commercial software (Imaris; Bitplane, Concord, MA, USA).

Phagocytosis Assays {#s2d}
-------------------

OS consumption was determined using the "pulse-only" method outlined previously,[@i1552-5783-60-10-3468-b19] followed by PAGE and blotting with MCA-B630^22^ +/− 1D4^23^ anti-rhodopsin antibodies.

OS Compositional Analysis {#s2e}
-------------------------

OS were separated into protein and lipid-rich fractions using chloroform/methanol extraction, based on modifications to the original procedure.[@i1552-5783-60-10-3468-b24] OS (1 × 10^8^) were pelleted, homogenized in 600 μL of 1:2 ice-cold chloroform/methanol, incubated on ice for 3 minutes, and sonicated. We added 200 μL of chloroform and 255 μL of water, the lower phase (chloroform) was removed, and the extraction was repeated twice. Chloroform fractions were dried under argon flow and resuspended in hexane. The precipitated protein fraction was removed from the methanol/water phase. The fractions were dried on a microscope slide and subjected to spectral analysis on a confocal microscope (SP5 Leica; Leica Microsystems) using 405-nm excitation and the microscope\'s spectral detection filter (lambda scan).

UAM Compositional Analysis {#s2f}
--------------------------

Emission spectra of UAM were performed using 405-, 458-, or 488-nm excitation and the confocal microscope\'s (Leica SP5; Leica Microsystems) lambda scan detectors. Probing UAM for rhodopsin utilized antibody MCA-B630. Nile Red (10 μg/mL) was incubated for 30 minutes followed by 5X PBS wash. During imaging, controls containing UAM without Nile Red were used to determine the contribution of autofluorescence to the Nile Red channel.

Transmission electron microscopy was performed on Transwell membranes cut free from the Transwell, fixed in 2.5% glutaraldehyde overnight, rinsed in PBS, and postfixed for 1 hour at RT with 1% osmium tetroxide. After another PBS rinse, the membrane was dehydrated for 5 minutes each in 25, 50, 70, 98, and then 2X 100% acetone. The membrane was embedded in Embed 812 resin, polymerized at 60°C for 24 hours, and sectioned on an ultra-microtome. Sections were stained with uranyl acetate and lead citrate, then imaged on a transmission electron microscope (JEOL-JEM 1400 Plus; JEOL, Peabody, MA, USA).

Measuring TEER and Cell Death {#s2g}
-----------------------------

TEER was measured with a volt-ohmmeter and electrode probe (EVOM and STX2; World Precision Instruments, Sarasota, FL, USA). Details on obtaining reproducible resistance readings are available at: <https://medicine.umich.edu/sites/default/files/content/downloads/Measuring_Transepithelial_Electrical_Resistance.pdf>.

Cell death was measured on cultures at least several weeks after last OS feeding using a cytotoxicity assay (LDH-Glo, \#J2380; Promega, Madison, WI, USA) according to manufacturer\'s instructions. Supernatant (24-hour incubation) was diluted 1:100, and 50 μL of the dilution was measured on a luminometer (Veritas; Promega), subtracting all values from the signal derived from fresh media.

Seahorse Analysis {#s2h}
-----------------

hfRPE were plated as intact monolayers on Transwell membranes in XFp cell culture miniplate wells (\#103022--100; Agilent, Santa Clara, CA, USA), and cellular energetics were measured as described.[@i1552-5783-60-10-3468-b25] Briefly, triangular inserts were cut from 24-well Transwells approximately 3 weeks after last oxOS feeding and placed in the XFp cell culture miniplate. Cells were incubated for 60 minutes in medium (XF Assay Medium, \#103334--100; Agilent Technologies, Santa Clara, CA, USA) supplemented with 5.5 mM glucose, 1 mM sodium pyruvate, and 2 mM L-glutamine. Background signal was measured from unseeded Transwells placed in the XFp cell culture miniplate. Three replicate miniplate wells (technical triplicates) were used for each Transwell. Oxygen consumption rate (OCR), an indicator of mitochondrial respiration, and the extracellular acidification rate (ECAR), an indicator of aerobic glycolysis, were measured on three sequential timepoints (additional technical replicates) using a commercial analyzer (Seahorse XFp; Agilent Technologies). Cells were then trypsinized using 0.25% trypsin-EDTA and counted using a hemocytometer. Each well was normalized to the number of cells counted after the run.

Given multiple technical and biological replicates, we employed mixed effects regression for statistical analysis, designating UAM as the fixed effect and well replicate, time replicate, and donor as random effects. Analyses were performed in R 3.5.1 ([www.R-project.org](www.R-project.org)) using the lmer() function of the lme4 package[@i1552-5783-60-10-3468-b26] to design a linear mixed effects model fit by maximum likelihood. Comparisons of means (+/− lipofuscin for ECAR and for OCR) were performed on the modeled data using the glht() function in the multcomp package.[@i1552-5783-60-10-3468-b27]

Secretion and Polarity Analysis {#s2i}
-------------------------------

After incubating Transwells in 200 μL of RPE media both apically and basolaterally for 24 hours, 50 μL of supernatant from each side of the Transwell was analyzed using a commercial assay kit (Amplite Fluorimetric Beta-Hydroxybutyrate, \#13831; AAT Bioquest, Sunnyvale, CA, USA) according to manufacturer\'s instructions. Standard curves were created using RPE media. Signal was read 20 minutes after mixing, using a luminometer (Promega).

ApoE, TIMP3, and PEDF secretion were measured from Transwells also incubated with 200 μL RPE media apically and basolaterally. Media was collected after a 72-hour incubation for ApoE and after a 24-hour incubation for TIMP3 and PEDF. A supernatant volume of 7.5 μL per well was subjected to PAGE and blotted with anti-ApoE (\#AB947, Millipore Corp., Burlington, MA, USA), anti-TIMP3 (\#AB6000, Millipore Corp.), or anti-PEDF (\#AB180711; Abcam, Cambridge, UK).

Senescence, EMT, and RPE-Specific Gene Analysis {#s2j}
-----------------------------------------------

Senescence of hfRPE was measured on paraformaldehyde-fixed cultures after completion of oxOS feeding, using beta-galactosidase staining according to manufacturer\'s instructions (\#9860; Cell Signaling Technology, Danvers, MA, USA). Paraformaldehyde-fixed cultures were subjected to anti-vimentin antibody (\#OMA1-06001, Thermo Fisher Scientific). EMT and RPE-specific gene markers were measured by qPCR (CFX 384 rtPCR thermocycler; Bio-Rad Laboratories, Hercules, CA, USA) as previously described,[@i1552-5783-60-10-3468-b19] using primers to Slug (Slug-F:5′-CATGCCTGTCATACCACAAC-3′ and Slug-R:5′-GGTGTCAGATGGAGGAGGG-3′)[@i1552-5783-60-10-3468-b28] and Twist1 (Twist1-F:5′-CACTGAAAGGAAAGGCATCA-3′ and Twist1-R:5′-GGCCAGTTTGATCCCAGTAT-3′)[@i1552-5783-60-10-3468-b29] for EMT. RPE-specific gene primers included RPE65 (RPE65-F:5′-CGTCATAACAGAATTTGGCACC-3′ and RPE65-R:5′-GCCCCATTGACAGAGACATAG-3′),[@i1552-5783-60-10-3468-b19] CRALBP (CRALBP-F:5′-CTGGCAAAGTCAAGAAATCAC-3′ and CRALBP-R:5′-TGTCCACCATCTTCCTGAG-3′),[@i1552-5783-60-10-3468-b19] BEST1 (BEST1-F:5′-TTGGAGGTCGAATCCGGGA-3′ and BEST1-R:5′-GTCCACACTGAGTACGCAAGG-3′; PrimerBank ID 212720874c3, [pga.mgh.harvard.edu/primerbank/index.html](pga.mgh.harvard.edu/primerbank/index.html)), TIMP3 (TIMP3-F:5′-CATGTGCAGTACATCCATACGG-3′ and TIMP3-R:5′-CATCATAGACGCGACCTGTCA-3′),[@i1552-5783-60-10-3468-b30] and CLDN19 (CLDN19-F:5′-CTCAGCGTAGTTGGCATGAA-3′ and CLDN19-R:5′-GAAGAACTCCTGGGTCACCA-3′).[@i1552-5783-60-10-3468-b31] β-actin (β-actin-F:5′-CAGGATGCAGAAGGAGATCAC-3′ and β-actin-R:5′-TGTCAAGAAAGGGTGTAACGC-3′)[@i1552-5783-60-10-3468-b19] was used as a normalization control.

Statistical Analysis {#s2k}
--------------------

For experiments with outcomes measured in arbitrary units (e.g., fluorescence, luminescence), experimental replicates were normalized to each other using the average value for each experimental repeat. Means were compared using paired or unpaired Student\'s *t*-tests, as appropriate. All error bars represent standard error of the mean.

Results {#s3}
=======

Previous studies have shown the accumulation of UAM after a few weeks of OS feeding in RPE cell lines or primary RPE cultures.[@i1552-5783-60-10-3468-b01],[@i1552-5783-60-10-3468-b32][@i1552-5783-60-10-3468-b33]--[@i1552-5783-60-10-3468-b34] Sundelin and Nilsson[@i1552-5783-60-10-3468-b33] observed lipofuscin-like material after feeding primary rabbit RPE cultures outer segments every other day for 18 days. Boulton et al.[@i1552-5783-60-10-3468-b32] fed primary human adult RPE cultures with outer segments for 2 to 12 weeks, observing lipofuscin-like autofluorescence two weeks after initiation of feeding. Primary human adult RPE cultures from Zhang et al.[@i1552-5783-60-10-3468-b34] developed autofluorescence after four days of feeding. We therefore began by feeding hfRPE 14 consecutive daily boluses of purified bovine OS (regular OS: RegOS). We failed to observe any UAM, even using high concentrations of OS (2 × 10^7^ OS/mL; ∼15 OS/RPE cell; equal to or greater than previously published studies) augmented by addition of purified phagocytosis bridging ligands, human protein S (PS) and milk fat globulin E8 (MF) ([Fig. 1](#i1552-5783-60-10-3468-f01){ref-type="fig"}A). We previously demonstrated that addition of these bridging ligands, which link phosphatidylserine moieties on OS membranes with the phagocytosis receptors αvβ5 integrin and Mer tyrosine kinase (MerTK) on the RPE apical membrane,[@i1552-5783-60-10-3468-b35] significantly improves total uptake of OS in our hfRPE culture system.[@i1552-5783-60-10-3468-b19] Even the addition of subtoxic doses (3.5--5 mM) of the lysosomal poison, ammonium chloride, with OS feedings, which greatly reduces complete OS breakdown in other RPE culture models,[@i1552-5783-60-10-3468-b36] failed to produce UAM in hfRPE (data not shown). In contrast, 2 weeks of daily RegOS feedings to ARPE-19 cells, a human RPE cell line, resulted in significant UAM ([Fig. 1](#i1552-5783-60-10-3468-f01){ref-type="fig"}A), consistent with prior studies.[@i1552-5783-60-10-3468-b01] The differences in UAM accumulation between hfRPE and ARPE-19 cultures were not attributable to differences in the number of ingested OS, as hfRPE had a higher rate of outer segment consumption ([Fig. 1](#i1552-5783-60-10-3468-f01){ref-type="fig"}B). These experiments demonstrate the special capacity of hfRPE to efficiently degrade OS, thereby minimizing UAM accumulation.

![hfRPE cultures are resistant to UAM accumulation. UAM imaged with 488-nm excitation and 500 to 535 nm emission. (A) Fourteen daily RegOS feedings with PS and MFG-E8 (MF) produced UAM in ARPE-19 cultures but not hfRPE cultures; n = 6. (B) Consumption of an OS bolus, as measured by rhodopsin remaining, is greater in hfRPE than ARPE-19 cultures; n = 3. (C) Fourteen daily oxOS feedings with PS and MF, but not with media only or RegOS feedings, produced UAM in hfRPE cultures. UAM accumulation was dose-dependent (5 versus 20 daily oxOS feedings). Micrograph: UAM autofluorescence (green) and CF647-conjugated phalloidin stain of actin (purple). Scale bar: 10 μm. n = 26 for media versus RegOS versus oxOS graph. n = 6 for dose-response graph. (D) UAM accumulation is phagocytosis-dependent. Accumulation markedly increases in the presence of phagocytosis bridging ligands PS and MF; n = 17. ns, nonsignificant. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](i1552-5783-60-10-3468-f01){#i1552-5783-60-10-3468-f01}

To induce UAM accumulation in hfRPE, we photo-oxidized outer segments (oxOS) using 254 nm UV light and fed these oxOS 5 to 7 times per week to cultures for up to 4 weeks.[@i1552-5783-60-10-3468-b37] oxOS contained significantly more autofluorescence than RegOS, and this autofluorescence was distributed across both the protein and lipid fractions of the OS ([Supplementary Fig. S1](#iovs-60-08-56_s01){ref-type="supplementary-material"}A). The autofluorescent emission spectrum (405-nm excitation) for oxOS was blue-shifted compared to RegOS, but the emission spectrum from the oxOS protein and lipid fractions were identical ([Supplementary Fig. S1](#iovs-60-08-56_s01){ref-type="supplementary-material"}B). As expected, photo-oxidation triggered OS protein cross-linking ([Supplementary Fig. S1](#iovs-60-08-56_s01){ref-type="supplementary-material"}C).

Feeding of oxOS to our hfRPE cultures induced UAM accumulation in a dose-dependent manner ([Fig. 1](#i1552-5783-60-10-3468-f01){ref-type="fig"}C). UAM formation was also phagocytosis-dependent, as more UAM accumulated in the presence of protein S and MFG-E8 ([Fig. 1](#i1552-5783-60-10-3468-f01){ref-type="fig"}D). To allow for direct comparison between UAM and endogenous human lipofuscin, we cultured passage 1 primary human adult RPE (ahRPE).[@i1552-5783-60-10-3468-b20] These adult cultures contain "carryover" lipofuscin granules that existed in vivo at the time of death and persist in low-passage culture. We also examined lipofuscin from RPE sheets freshly harvested from aged human eyes. Consistent with previous reports examining endogenous human lipofuscin[@i1552-5783-60-10-3468-b38] and our own examination of freshly isolated RPE from human donors and carry-over lipofuscin in ahRPE cultures, UAM in our hfRPE cultures contains neutral lipids ([Fig. 2](#i1552-5783-60-10-3468-f02){ref-type="fig"}A) and is devoid of rhodopsin staining ([Fig. 2](#i1552-5783-60-10-3468-f02){ref-type="fig"}B). By transmission electron microscopy, the granules also resemble the electron density and shape of in vivo lipofuscin. The fusion of melanosomes and lipofuscin granules into melanolipofuscin, a characteristic of in vivo aging, is also seen in our hfRPE model ([Fig. 2](#i1552-5783-60-10-3468-f02){ref-type="fig"}C).[@i1552-5783-60-10-3468-b39][@i1552-5783-60-10-3468-b40]--[@i1552-5783-60-10-3468-b41]

![Composition of UAM. (A) Nile Red staining of neutral lipids associated with UAM in hfRPE (left) and in vivo lipofuscin in freshly isolated RPE tissue (ahRPE) from 69-year-old male with no ocular pathology (right). Top row is without Nile Red to control for any autofluorescence bleedthrough from UAM or lipofuscin into Nile Red channel. Bottom row is with Nile Red. Scale bar: 10 μm. (B) Rhodopsin staining is not associated with hfRPE UAM (left) or in vivo lipofuscin "carried-over" into P1 ahRPE primary cultures (right). Cultures were fed a single bolus of OS as a positive control to confirm rhodopsin staining and demonstrate intrinsic autofluorescence from OS. UAM/lipofuscin and OS autofluorescence (green), B630 anti-rhodopsin antibody (purple). Scale bar: 10 μm. (C) (Left) Electron micrograph of hfRPE fed photo-oxidized OS on 20 separate days over a 4-week period reveals a homogenous granular structure to the accumulated UAM, similar to in vivo lipofuscin. (Right) Higher magnification views from other cells show that certain granules contain a mixture of UAM and melanin, mimicking the appearance of melanolipofuscin in RPE from patients as they age.](i1552-5783-60-10-3468-f02){#i1552-5783-60-10-3468-f02}

UAM granules formed in ahRPE from RegOS feedings had the same emission spectrum (excitation: 458 nm) as UAM granules formed from oxOS feedings, suggesting a similar composition of UAM granules despite differences in chemical constituents of RegOS vs. oxOS ([Supplementary Fig. S2](#iovs-60-08-56_s01){ref-type="supplementary-material"}). However, when compared to in vivo carryover lipofuscin in primary ahRPE cultures derived from donors without ocular pathology, UAM granules were larger with a blue-shifted emission spectrum ([Fig. 3](#i1552-5783-60-10-3468-f03){ref-type="fig"}A). UAM granules persisted in culture for many months after oxOS feeding ended ([Fig. 3](#i1552-5783-60-10-3468-f03){ref-type="fig"}B), but their spectrum and size shifted over time to more closely resemble endogenous age-related human lipofuscin ([Figs. 3](#i1552-5783-60-10-3468-f03){ref-type="fig"}B, [3](#i1552-5783-60-10-3468-f03){ref-type="fig"}C).

![UAM granule spectrum and size evolve over time to more closely mimic in vivo lipofuscin. (A) UAM emission spectrum (405-nm excitation) is blue-shifted compared to carryover lipofuscin granules in ahRPE primary cultures that contain both types of granules. UAM granules are also larger than carryover lipofuscin granules. Images taken within 3 weeks of completing oxOS feedings. Autofluorescence emission simultaneously captured in blue channel (420--450 nm) and green channel (520--580 nm). Scale bar: 10 μm. (B) UAM persists for at least 1 year after last oxOS feeding. Over time, blue UAM autofluorescence (420--450 nm) declines more than the green UAM autofluorescence (520--580 nm), suggesting that UAM spectrum red-shifts when in culture for prolonged periods; 405 nm excitation. n = 10 from hfRPE cultures. Blue and green asterisks signify differences between 3 and 6 months for blue and green autofluorescence, respectively. The blue and green curves are statistically different from each other only at 12 months (double asterisks). (C) UAM emission spectrum (405-nm excitation) is initially blue-shifted compared to carry-over lipofuscin (0 M = 0 months), but this spectrum red-shifts over time to more closely resemble carry-over lipofuscin (12 M = 12 months). Concurrently, UAM granules compact over time, more closely resembling the size of carry-over lipofuscin. n = 50 from hfRPE cultures. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](i1552-5783-60-10-3468-f03){#i1552-5783-60-10-3468-f03}

Cultures of UAM-laden hfRPE were remarkably stable over time. Cultures experienced an initial drop in trans-epithelial electrical resistance (TEER), a marker of epithelial tight junction integrity, compared to hfRPE cultures fed RegOS or daily media changes (media), but this drop in TEER plateaued quickly and cultures were viable for months after UAM buildup ([Fig. 4](#i1552-5783-60-10-3468-f04){ref-type="fig"}A). Additionally, we measured no significant increase in cell death after UAM-buildup, as assayed by lactate dehydrogenase release ([Fig. 4](#i1552-5783-60-10-3468-f04){ref-type="fig"}B). Since lipofuscin involves storage in a modified lysosomal compartment and lysosomes are known to control cellular metabolism,[@i1552-5783-60-10-3468-b42] we also tested for UAM effects on glycolysis and mitochondrial capacity. Glycolysis can be measured via extracellular acidification (ECAR) and mitochondrial metabolism measured through oxygen consumption rates (OCR) using a Seahorse Analyzer.[@i1552-5783-60-10-3468-b43] Using a recently published method, we were able to perform a seahorse analysis on hfRPE grown directly on Transwells, allowing preservation of hfRPE polarity and differentiation during testing.[@i1552-5783-60-10-3468-b25] [Figure 4](#i1552-5783-60-10-3468-f04){ref-type="fig"}C shows that neither ECAR nor OCR shift significantly in UAM-laden hfRPE cultures compared to those without UAM. As another marker of mitochondrial metabolism, RPE has recently been shown to undergo ketogenesis, with the ketone bodies secreted apically to metabolically support photoreceptors.[@i1552-5783-60-10-3468-b44],[@i1552-5783-60-10-3468-b45] Interestingly, despite the lack of differences in mitochondrial metabolism by Seahorse analysis, we did find a small but significant decrease in ketogenesis in cultures with UAM ([Fig. 4](#i1552-5783-60-10-3468-f04){ref-type="fig"}D). Secretion of ApoE or TIMP3 ([Fig. 4](#i1552-5783-60-10-3468-f04){ref-type="fig"}E), key components of drusen, were no different between cultures with UAM (fed oxOS) and those without UAM (fed daily media changes). UAM also did not interrupt the polarity of cultures, as assessed by the preferentially basolateral secretion of TIMP3[@i1552-5783-60-10-3468-b46] and the preferentially apical secretion of PEDF[@i1552-5783-60-10-3468-b47] and ketone bodies[@i1552-5783-60-10-3468-b47] ([Fig. 4](#i1552-5783-60-10-3468-f04){ref-type="fig"}F).

![UAM-laden hfRPE cultures exhibit minimal toxicity. (A) Compared to cultures repeatedly fed RegOS or daily media changes, cultures fed oxOS demonstrate an initial drop in TEER. However, this drop stabilizes quickly, well before the end of oxOS feeding (arrow). n = 12. (B) Cell death, as assayed by LDH release, was no higher in UAM-laden cultures (fed oxOS) than those fed RegOS or media-only. Assay performed at least several weeks after last feeding; n = 8. (C) OCR and ECAR of hfRPE cultures with UAM (oxOS) and without UAM (RegOS) are not significantly different, suggesting oxidative phosphorylation and glycolysis are unaltered in hfRPE burdened with UAM. OCR and ECAR measured on confluent hfRPE on Transwells using modification to standard Seahorse Analyzer technique^25^; n = 15. (D) Ketogenesis is mildly diminished in UAM-laden cultures (oxOS) compared to those fed RegOS or media only. Secreted β-hydroxybutyrate (β-HB) measured in the apical Transwell chamber several weeks after last OS or daily media feeding; n = 16. (E) Secretion of drusen components ApoE (n = 3) and TIMP3 (n = 5) are unaltered in hfRPE cultures with UAM (oxOS) compared to cultures fed daily media changes. Measurements taken several weeks after last feeding. (F) Polarity of UAM-laden hfRPE (oxOS) is well-preserved, as assessed by preferential basolateral secretion of TIMP3 (n = 5) and preferential apical secretion of PEDF (n = 5) and ketone bodies (n = 16). \*\*P \< 0.01, \*\*\*P \< 0.001.](i1552-5783-60-10-3468-f04){#i1552-5783-60-10-3468-f04}

Despite the ability of hfRPE to tolerate UAM, accumulation did induce the mild impairment in ketogenesis detailed above ([Fig. 4](#i1552-5783-60-10-3468-f04){ref-type="fig"}D) and alterations in expression of some, but not all, RPE differentiation markers (Fig. S3). In addition, UAM-laden hfRPE were less efficient at fully digesting a single regular OS bolus. While initial OS digestion rates were similar, UAM-laden hfRPE demonstrated longer retention of partially degraded rhodopsin fragments, as assessed by anti-rhodopsin antibodies targeting both rhodopsin C-terminus (1D4)[@i1552-5783-60-10-3468-b23] and N-terminus (MCA-B630)[@i1552-5783-60-10-3468-b22] ([Fig. 5](#i1552-5783-60-10-3468-f05){ref-type="fig"}A). The rhodopsin C-terminus is cleaved early in the OS degradation process, and the N-terminus is cleaved late in degradation.[@i1552-5783-60-10-3468-b48] Given higher levels of both 1D4 and B630-labeled rhodopsin fragments in UAM-laden RPE, we conclude that UAM-induced phagocytic defects occur upstream in the OS degradative process.

![UAM induces mild phenotypic effects on hfRPE cultures. (A) Consumption of an OS bolus by hfRPE cultures previously fed oxOS to form UAM (oxOS) or previously fed RegOS or media only and therefore without UAM (RegOS, media). Amount of rhodopsin remaining in the combined supernatant plus cell lysate at 1, 5, and 25 hours after initiation of bolus. No OS washoff is performed, consistent with the "pulse-only" method outlined previously.[@i1552-5783-60-10-3468-b19] Arrow points to monomer band of rhodopsin. Smaller bands represent rhodopsin fragments, identified by N-terminal antibody B630 (above) and C-terminal antibody 1D4 (below). (Right) Quantification of monomer band rhodopsin shows no difference in consumption rates between conditions, but quantification of the main rhodopsin fragment recognized by B630 demonstrates higher formation rate and slower degradation of this fragment in hfRPE with UAM (oxOS); n = 3. (B) UAM-laden cultures (oxOS) have dramatically higher incidence of senescence than cultures previously fed RegOS or media only. AF, autofluorescence channel; BF, brightfield channel. Beta-galactosidase activity staining appears blue in BF channel. Scale bar: 50 μm. (C) Appearance of an "RPE clump," a rare focal area where UAM accumulation is particularly high. X-Z view demonstrates that the clump grows out of cell monolayer, although confocal analysis shows the clump is still a single cell layer thick. X-Y view from top of clump shows intense vimentin staining, whereas X-Y view from surrounding monolayer shows minimal vimentin staining. UAM (green), nuclei (blue), vimentin (purple). Scale bar: 20 μm. (D) qPCR demonstrates minimal differences in expression of EMT markers Twist1 or Slug in cultures with UAM (oxOS) versus without (RegOS, media), in contrast to controls. Control lysates are from hfRPE plated on plastic wells (rather than Transwells) at low density, conditions that encourage EMT. n = 12 for oxOS, RegOS, media conditions, n = 5 for control condition. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](i1552-5783-60-10-3468-f05){#i1552-5783-60-10-3468-f05}

Oxidative stress, drusen, and AMD may be associated with a senescent RPE phenotype,[@i1552-5783-60-10-3468-b49],[@i1552-5783-60-10-3468-b50] and a variety of models of RPE stress induce a transition from a predominately epithelial phenotype to a mesenchymal state (epithelial-mesenchymal transition: EMT). EMT is associated with reduced photoreceptor support and eventual outer retinal degeneration.[@i1552-5783-60-10-3468-b51],[@i1552-5783-60-10-3468-b52] In our UAM-laden hfRPE, even months after completion of oxOS feeding, there is markedly increased senescence, as assessed by beta-galactosidase activity staining ([Fig. 5](#i1552-5783-60-10-3468-f05){ref-type="fig"}B). In certain small, rare patches of intense UAM-accumulation, cell morphology is rounded, pigmentation is altered, and cells appear to be migrating out of the monolayer. We term these patches "RPE clumps." They are seen only in our oxOS-fed cultures and stain positive with the EMT marker vimentin[@i1552-5783-60-10-3468-b53] ([Fig. 5](#i1552-5783-60-10-3468-f05){ref-type="fig"}C). However, given the rarity of RPE clumps, EMT gene expression markers Slug and Twist1[@i1552-5783-60-10-3468-b54] are not meaningfully different in whole-well lysates from Transwells with and without UAM accumulation ([Fig. 5](#i1552-5783-60-10-3468-f05){ref-type="fig"}D). Together, these results suggest that while hfRPE is remarkably resistant to deleterious effects from UAM accumulation, it does trigger subtle, ongoing phenotypic perturbation and stress, especially in the small areas where UAM accumulation is most intense.

Discussion {#s4}
==========

Whether lipofuscin is universally toxic to the RPE is hotly debated.[@i1552-5783-60-10-3468-b01],[@i1552-5783-60-10-3468-b10],[@i1552-5783-60-10-3468-b55] Lipofuscin accumulation is an invariant feature of aging RPE, but accumulation starts as early as a few years of age without producing RPE dysfunction. By midlife, the RPE contains substantial lipofuscin content,[@i1552-5783-60-10-3468-b56] but susceptibility to the prototypical RPE-degenerative disease, AMD, does not increase significantly until after 70 years of age.[@i1552-5783-60-10-3468-b57] This suggests that lipofuscin accumulation and RPE toxicity do not fully correlate. Conflicting data have been reported about the relationship of fundus autofluorescence (FAF), derived primarily from RPE lipofuscin, and AMD progression.[@i1552-5783-60-10-3468-b06],[@i1552-5783-60-10-3468-b58],[@i1552-5783-60-10-3468-b59] In other retinal degenerations, such as Stargardt disease, there may be a clearer correlation between FAF and degeneration.[@i1552-5783-60-10-3468-b60] Studying the relationship between FAF and degeneration in the clinic is fraught with difficulty. As the RPE degenerates, lipofuscin fluorophores are lost, even if they were initially toxic. Further, certain fluorophores may be photocleaved into toxic byproducts, reducing fluorescence while actually increasing toxicity.[@i1552-5783-60-10-3468-b58]

To study lipofuscin toxicity in a more controlled setting, researchers have turned to cell culture models. The lipofuscin component A2E has been fed to a range of RPE culture models, with myriad toxic effects.[@i1552-5783-60-10-3468-b01],[@i1552-5783-60-10-3468-b14] However, A2E represents only one component of lipofuscin, and its specific toxicity among numerous other components of lipofuscin is debated.[@i1552-5783-60-10-3468-b61] OS feeding to RPE cultures has the potential to more closely recapitulate the physiology of lipofuscinogenesis. While many groups have fed OS to a variety of cultured RPE models,[@i1552-5783-60-10-3468-b01] none have fed OS to low passage, well-differentiated primary human fetal RPE, which has emerged as a well-accepted model for in vivo RPE function.

Our initial attempts at repeated OS feeding to hfRPE cultures revealed a remarkable resistance to undigested autofluorescent material (UAM) accumulation, in contrast to ARPE-19 cells in this study and primary rabbit and human RPE culture models in the published literature.[@i1552-5783-60-10-3468-b01] This resistance suggests hfRPE possesses mechanisms for efficient phagocytosis, and these mechanisms are lost in other culture models. When UAM does accumulate, the phenotypic effects are mild. UAM had no impact on glycolysis or mitochondrial oxygen consumption rates, secretion of drusen components, cell polarity, or cell death.

UAM does cause a mild drop in trans-epithelial electrical resistance (TEER), ketogenesis, expression of certain but not all RPE differentiation markers, and OS degradative capacity, along with a dramatic increase in senescence. Each of these dysfunctions may be inconsequential to RPE survivability, but could lower the RPE\'s threshold for tolerating other age-related insults. For example, senescence is known to produce a chronic para-inflammatory environment that may be exacerbated by complement dysregulation seen in the AMD-susceptible CFH polymorphism.[@i1552-5783-60-10-3468-b62][@i1552-5783-60-10-3468-b63]--[@i1552-5783-60-10-3468-b64]

In small patches of our hfRPE cultures with intense UAM accumulation, EMT is apparent with pigment alteration, vimentin staining, and a mounded morphology that appears to be emerging from the cell monolayer. These areas of "RPE clumping" may be analogous to the phenomenon of "cell extrusion" seen when unhealthy epithelial cells are pushed out of the epithelial monolayer while simultaneously undergoing EMT.[@i1552-5783-60-10-3468-b65] Interestingly, sick RPE cells migrate into the outer retina in AMD, seen clinically as hyperreflective foci above drusen and pigment epithelial detachments on optical coherence tomography (OCT).[@i1552-5783-60-10-3468-b66] Indeed, the morphology of our RPE clumps closely resembles the mushroom-like morphology of particular RPE cells in AMD patients that may ultimately slough and migrate to the outer retina.[@i1552-5783-60-10-3468-b03] The presence of these migrating RPE cells into the outer retina, as reflected by hyperreflective foci in the outer retina on OCT imaging, is predictive of progression of AMD to advanced stages.[@i1552-5783-60-10-3468-b67]

Initial UAM buildup in our cultures resulted in granules that were larger and spectrally blue-shifted from "native" lipofuscin granules measured from the RPE of aged humans without pathology. Interestingly, however, lipofuscin granules from AMD patients tend to be larger than those without AMD.[@i1552-5783-60-10-3468-b03] Further, the emission spectrum of these enlarged lipofuscin granules seen in AMD patients is not known. Over time, the UAM granules in our model system become smaller with a red-shift in their emission spectrum, more closely resembling the size and spectrum of lipofuscin granules from aged, non-pathologic human RPE. While entirely speculative, our in vitro data suggests the possibility that newly formed lipofuscin in vivo may initially have a larger granule size and blue-shifted emission spectrum, and as the lipofuscin granule compacts over time, it evolves into typical age-related lipofuscin. In AMD eyes, sick RPE may be less capable of efficiently compacting newly formed lipofuscin granules, leaving them larger, possibly with a blue-shifted emission spectrum, and possibly with more toxic properties than compacted lipofuscin.

Our study carries several limitations. While we showed that hfRPE is markedly resistant to UAM accumulation compared to the ARPE-19 RPE cell line, we did not directly test the resistance of other primary RPE culture models in this study. Instead, when we subjected hfRPE to the same (or more intense) OS feeding regimens as prior studies that demonstrated UAM accumulation in animal or human primary RPE cultures, we found no UAM buildup, implying hfRPE is also more resistant to UAM buildup than other primary RPE culture models. An additional limitation of our study is that feeding photo-oxidized OS to RPE cells in culture may alter the more natural process of slow lipofuscinogenesis that would occur with feeding unaltered OS. Further, the emission spectrum of initially accumulated UAM is blue-shifted from the spectrum seen in lipofuscin-laden RPE taken from healthy, older humans, although the UAM spectrum evolves over time in culture to more closely resemble native lipofuscin. While the composition of UAM and in vivo lipofuscin likely do not completely overlap, the goal of our study was to understand how highly differentiated, healthy RPE adapts to the continued accumulation of undigested, oxidized, lipid-rich granules. Each component of lipofuscin may have a particular toxicity and some components may be present or absent from our UAM-model, but it was our intent to understand how the aggregated mixture of lipofuscin-like material may alter RPE physiology. By utilizing an in vitro system, we are able to comment on the adaptation of RPE to lipofuscin-like material in ways not available by in vivo analysis, including the longitudinal tracking of granules over nearly a year.

In conclusion, well-differentiated, highly polarized primary human fetal RPE cultures are remarkably impervious to UAM build-up. The mechanisms of this resistance are under active investigation. Further, hfRPE is resistant to overt toxicity when UAM does accumulate. This resistance may help explain the conflicting reports in the literature on lipofuscin toxicity. Healthy RPE, such as hfRPE cultures, may be highly adaptable to lipofuscin accumulation, and detrimental effects may only manifest when the RPE experiences additional stressors.
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